Genetic stock structure and historical demography of Indian oil sardine, a commercially and ecologically important small pelagic fish, was studied using mitochondrial control region and Cytochrome C Oxidase I (COI) sequences. A 758 bp portion of the control region in 287 individuals and a 576 bp portion of the COI gene in 291individuals from 10 locations along the distribution range were amplified resulting in 236 and 84 haplotypes, respectively. The high haplotype and low nucleotide diversity values (0.99 and 0.19 for control region and 0.85 and 0.004 for COI, respectively) are characteristic of populations having undergone a demographic expansion. Genetic differentiation, Φ ST , was low and insignificant between populations using both control region and COI gene markers. Mismatch analysis showed a recent demographic and spatial expansion coinciding with the late Pleistocene epoch. Mantel tests revealed the lack of isolation by distance which is attributable either to high levels of migration overriding the effect of genetic drift or to insufficient time for accomplishing a balance between migration and drift after a recent range expansion.
Introduction
The commercial value of small pelagic fishes (oil sardines and anchovies) is low in export market, but in developing countries, they contribute to a substantial portion of the income from fishing due to their abundance. Indian oil sardine, Sardinella longiceps, is one of the commercially important small pelagic fish forming the largest fishery in India (annual landing 0.6 million tons (CMFRI, Kochi, 2014) and its fishery peaks (50% of the landings) around the Malabar upwelling zone of the Western Indian Ocean upwelling system. The Western Indian Ocean is one of the strongest upwelling zones among world oceans and the upwelling along these coasts is mainly wind induced occurring during June-August (Bakun et al., 1998) . Oceanographic features of the Malabar upwelling zone impart a major influence on the success or failure of sardine recruitment which in turn affects the fishery of that year since the sardine fishery is dominated by 0-and 1-year classes (Devaraj et al., 1997; Krishnakumar and Bhat, 2008) . The fishery showed high variability on a decadal scale with periods of abundance and crashes during this century (Longhurst and Wooster, 1990; Xu and Boyce, 2009) . Indian oil sardine is a small pelagic fish confined to the continental shelf waters at depths of 20-200 m. The geographic distribution of this species is along the Northern and Western Indian Ocean; mainly North East, South East, South West, and northwest India, Gulf of Oman, and Gulf of Aden (Whitehead, 1985) ( Fig. 1 ). It is a migratory, schooling species and feeds mainly on phytoplankton and breeds once a year at a size of 14-15 cm with peak spawning season during August-September along the South West coast of India. Spawning grounds are not yet located for this species. The eggs and larvae are pelagic and pelagic larval duration is approximately 40 days (Kuthalingam, 1960) .
The management of small pelagic fishery is met with several challenges like identification of stock units and assessment of these stocks periodically to ensure long-term sustainability. Indian oil sardine is managed as a single stock in India, even though some studies have pointed out the possibility of existence of several subpopulations (Venkita Krishnan, 1993; Mohandas, 1997) . Venkita krishnan (1993) used nine enzyme loci to discriminate between subpopulations and concluded that Indian oil sardines from Cochin, Calicut, Mangalore, Mandapam, and Madras (now Chennai) represented discrete genetic stocks representing five subpopulations based on allele frequencies. Similar conclusions (heterogeneity between samples from Cochin, Calicut, Mangalore, and Mandapam) were also made by Mohandas (1997) using cytogenetic, biochemical genetic, and morphometric tools. On the contrary, Menezes (1994) reported low genetic variability in Indian oil sardines from West Coast of India using allozymes. The major limitation of all these studies was very low sample size and geographic coverage. Hence, a major impediment to Indian oil sardine stock assessment and management is the lack of information regarding evolutionary significant units in Indian oil sardine populations along Indian coast. The lack of baseline data related to genetic diversity and divergence in sardine populations also is a constraint in conserving the genetic variation and understanding the dynamics of sardine populations to climate change related warming of the Indian Ocean. Recent investigations on climatic impacts on Indian Ocean fishery have pointed to the possibility of range expansion of Indian oil sardine populations to Northern Indian Ocean habitats due to the increase in sea surface temperature and consequent changes in oceanic circulation patterns (Vivekanandan, 2011) .
Historical demography of small pelagic fishes caught from Indian seas has never been studied in detail, which is a major constraint while trying to figure out the influence of past environmental and climatic fluctuations on fish populations. The historical demography and genetic stock structure of small pelagic fishes like sardines and anchovies had been investigated using mitochondrial markers along Atlantic and Pacific coasts (Lecomte et al., 2004; Atarhouch et al., 2006; Li et al., 2012; Diaz-Viloria et al., 2012; Vinas et al., 2013) providing critical insights into their historical behavior.
In the present study, we tested the hypothesis regarding presence of different evolutionary units of Indian oil sardine in Indian waters using two mitochondrial DNA markers; control region and COI gene sequences, by collecting fishes from 10 locations, nine all over the Indian coast (NW, SW, and SE coasts) and one at the Gulf of Oman. Historical demographic information was derived from control regions sequences due to the availability of standard mutational rate values (Donaldson and Wilson, 1999) .
Material and methods
2.1. Sample collection, DNA extraction, and amplification of the two mitochondrial fragments Samples were collected during 2013 and 2014 from 10 different locations from gill netters and ring seiners (a mini purse seine) operated near the coast; 3 locations along NW coast of India; (Gulf of Oman, Veraval, and Mumbai), 5 locations along SW coast of India (Mangalore, Calicut, Kochi, Kollam, and Trivandrum), and 2 locations along SE coast of India (Chennai and Vizag). Sampling locations are shown in Fig. 1 .
Total DNA was extracted from muscle tissue using a standard phenol/chloroform extraction protocol and ethanol precipitation. Universal primers Folmer et al., 1994) were used for amplifying the partial control region and COI gene of Sardinella longiceps. PCR amplifications were carried out in 25 μl reaction mixture containing 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 200 μM of each dNTP, 0.2 μM of oligonucleotide, 1 unit of Taq DNA polymerase, and 50 ng of template DNA. The PCR reaction was carried out in a Biorad T100 thermocycler (Biorad, USA) programmed for an initial denaturation at 94°C for 4 min followed by 35 and 33 cycles of denaturation (for control region and COI, respectively) at 94°C for 30 s, annealing at 48°C and 42°C (for control region COI, respectively) for 30 s, extension at 72°C for 55 s and 40 s (for control region COI, respectively) and a final extension at 72°C for 7 min. Purification of the PCR product was carried out using Qiagen PCR purification kit and sequenced with both primers using the BigDye Terminator Sequencing Ready Reaction v3.0 kit (Applied Biosystems) following instructions of the manufacturer. Sequencing was carried out on an ABI 3730 automated sequencer. A 758 bp region of the control region and a 576 bp region of COI of Sardinella longiceps was amplified in all the sampled individuals for phylogenetic and population genetic analysis. All the partial sequences of Sardinella longiceps control region and COI were deposited in GenBank with the accession numbers (KJ466087-KJ466091; KJ472113-KJ472120; KJ888156-KJ888390) (KP000859-KP000897) (KP000898-KP001108; KP099426-KP099430) (KT375357-KT375431).
Population genetic statistics
Even though both control region and COI genes are from the same mitochondrial DNA, we did not concatenate the sequences since different regions of mitochondrial DNA evolve at different rates (Hauser et al., 2001 ) and the gamma values and the mutational rate models were different for both sets of the data. Mitochondrial control region is considered as a fast-evolving gene region having rate of evolution two to five times higher than mitochondrial protein coding genes (Hauser et al., 2001 ), whereas COI is considered as a slow evolving gene region. The sequences of 758 bp from 287 individuals for control region and 576 bp from 291 individuals for COI gene region from all over the Indian coast were aligned using Clustal W in MEGA 5.1. All the gaps (only in control region) were excluded from phylogenetic analyses. The phylogeny was reconstructed with Geneious R7 (Biomatters Ltd., New Zealand) using the neighbor-joining method with 1000 bootstraps (Felsenstein, 1985) , and a bootstrap consensus tree was constructed. The Akaike information criterion implemented in MEGA 5.1 was used to select the best-fit evolutionary model for the sequences. Arlequin Version 3.5.1.2 (Schneider et al., 2000) and DnaSP 4.0 (Rozas et al., 2003) were used for population genetic analyses. The number of polymorphic sites (S), nucleotide diversity (π, Nei, 1987) , haplotype diversity (H d, Nei, 1987) , average number of pairwise nucleotide differences (K, Tajima, 1983) , percentage of private haplotypes, total number of synonymous and non-synonymous mutations in COI region and Transition/Transversion ratios were assessed for each population. Population genetic structure was analyzed using the F-statistics, Φ ST (Excoffier et al., 1992) using 20,000 permutations to estimate significance (calculated with Arlequin Version 3.5.1.2, Schneider et al., 2000) . The differences among stocks were estimated using analysis of molecular variance (AMOVA) in Arlequin Version 3.5.1.2. The sequence divergence values were estimated using the algorithm of Tamura and Nei (1993) for control region sequences and Kimura 2P (Kimura, 1980) for COI gene sequences. P values were adjusted with sequential Bonferroni correction in all the tests (Rice, 1989) . A network of haplotypes was constructed in PopART version 1.7 (http://popart.otago.ac.nz) for both control region and COI haplotypes using median joining networks option (Bandelt et al., 1999) .
Historical demography
Demographic analyses were carried out using the mismatch distribution (Rogers and Harpending, 1992; Schneider and Excoffier, 1999) in Arlequin Version 3.5.1.2 (Schneider et al., 2000) and DnaSP 4.0 (Rozas et al., 2003) . Mismatch analysis was conducted for the whole population using all the sequences and for each major geographical region separately; North West Indian Ocean region (Oman, Veraval, and Mumbai), South West Indian Ocean region (Mangalore, Calicut, Kochi, Trivandrum), and South East Indian Ocean region (Chennai and Vizag). Population growth and declines will result in marked patterns in the distribution of pairwise nucleotide differences resulting in a unimodal wave in populations which had undergone a sudden population expansion after a bottleneck and a multimodal wave in equilibrium populations (Rogers and Harpending, 1992; Schneider and Excoffier, 1999) . The stepwise expansion model (demographic and spatial) was validated using a parametric bootstrapping method which compares the fit with the expected mismatch distribution of the observed and100 simulated mismatch distributions. The sum of square deviations (SSD) between the observed and simulated distributions and expected distributions indicates the fit to the expected mismatch distribution. Further, Harpending's Raggedness index (Hri; Harpending, 1994) also gives a measure of the smoothness of the observed distribution. Tajima's D (Tajima, 1989 ) and Fu's Fs (Fu, 1997) statistics were also estimated using DnaSP 4.0 (Rozas et al., 2003 ). Tajima's D and Fu's Fs test for deviations from neutrality either due to selection, bottleneck, or population expansion. Since mitochondrial DNA markers are considered to be neutral, deviations from neutrality may be due to population expansion. The relationship between genetic differentiation and geographic distance was determined using Mantel test (Mantel, 1967) in XLStat. Genetic distance matrix was represented by (Fst/1-Fst) values and geographic distance matrix was represented by the shortest sea distance (in nautical miles) between all sets of sampling sites.
The estimates of τ, θ 0 , and θ 1 were also derived using a generalized nonlinear least squares approach (Schneider and Excoffier, 1999) with bootstrap confidence intervals as implemented in Arlequin, Version 3.5.1.2. Estimate of mutational time tau (τ) can be used to calculate the expansion time (T) with the equation T = τ/2u generations (Rogers and Harpending, 1992) . The parameter '2u' was estimated with the equation 2u = μk (Nei and Tajima, 1981) where μ is the mutation rate which is 1 × 10 − 7 /site/year for the mitochondrial control region of fishes using a strict molecular clock (McMillan and Palumbi, 1997; Ho et al., 2011) with a generation time of 1 year for oil sardine and k is the number of nucleotides covered in the data (758 bp).
Effective population size was estimated for initial population N 0 and expanded population N 1 by substituting θ 0 = 2uN 0 (N 0 = θ 0 /2u) and θ 1 = 2uN 1 (N 1 = θ 1 /2u) where 2u = μk is the mutational rate considering a generational time of 1 year for sardines (Devaraj et al., 1997) . Control region sequences were only used for deriving these values due to the availability of standardized values for mutational rate.
Results

Population genetics statistics
The analysis of 758 bp portion of the sardine control region excluding gaps revealed very high levels of variation. A total of 287 individuals were studied from 10 sites producing 236 haplotypes. The most abundant haplotype was recorded in 5 individuals. 209 variable sites consisted of 116 singleton sites and 93 parsimonious informative sites with average value of nucleotide differences being 9.24. Overall haplotype (H d ) and nucleotide diversity (π) for all sequences were 0.99 and 0.019, respectively. COI gene region was analyzed for a portion of 576 bp and a total of 84 haplotypes were produced from 291individuals. The most abundant haplotype was found in 80 individuals. There were 98 variable sites consisting of 46 singleton sites and 52 parsimony informative sites with average value of nucleotide differences being 2.3. Overall haplotype (H d ) and nucleotide diversity (π) for all sequences were 0.85 and 0.004 respectively. The basic statistics of both sequence sets are presented in Table 1 .
The best evolutionary model for nucleotide substitution for the control region data was the Tamura 3-parameter (T92) (Tamura, 1992) with invariable sites (I = 0.39) and rate heterogeneity (G = 0.30) (T92 + G + I) and for COI gene region nucleotide substitution was Kimura 2p with a rate heterogeneity (G = 0.33) (K2 + G). The phylogeny did not resolve any subpopulation structure and bootstrap support at major nodes was not significant. The haplotype network based on COI sequences was star-shaped (Fig. 2) , indicative of a recent demographic expansion. One haplotype was common to nine geographic regions. The network diagram using control region haplotypes was not informative due the large number of haplotypes and small number of shared haplotypes. Genetic differentiation among sardine populations from different locations was tested using Φ ST pairwise comparisons of both control region sequences and COI gene sequences. There were 36 possible comparisons and none of them were statistically significant after Bonferroni correction. A hierarchical AMOVA test was carried out to further confirm these results by partitioning the variance among and within populations, i) one gene pool comparison considering all the populations as a single gene pool, ii) among groups, within groups and within populations: two gene pools [East (Chennai & Vizag) versus West Coast (Oman, Veraval, Mumbai, Mangalore, Calicut, Kochi, Kollam, and Trivandrum)] and three gene pools (NW, SW, and SE coast populations). The overall levels of genetic differentiation were not significant (p N 0.001) in all the analyses with a global Φ ST value of 0.011 with control region sequences and 0.005 with COI gene sequences.
Historical demography
The mismatch distribution of both control region sequences and COI gene sequences showed unimodal pattern when all samples were included (Fig. 3) indicating sudden expansion in population size. The Harpending's raggedness index (control region-0.014; COI-0.08) and P SSD values (control region-0.38; COI-0.37) indicated a significant fit of the observed and expected distributions. Deviation from a stable population history was considerable based on significant negative values of Fu's Fs and Tajima's D values (− 16.1 and − 2.35, respectively, for control region; − 11.3 and − 2.68, respectively, for COI sequences). This indicates an excess of low-frequency haplotypes. Region-wide mismatch analysis also showed unimodal patterns for North West and South West Indian regions indicating a sudden expansion in population size (Fig. 3) . A bimodal pattern was present in South East Indian Ocean region even though the P values of raggedness index were not significant. Both demographic and spatial expansion models were validated and the time since expansion for demographic and spatial expansion for the entire population was between 0.95 × 10 5 years before present and 0.94 × 10 5 years before present. So spatial expansion has taken place during the time of demographic expansion. Effective female population size before demographic expansion ranged from zero (founder events) to 30,000 and after demographic expansion ranged from 1.1 × 10 6 to 1.31 × 10 9 at different locations. Migration rate during spatial expansion ranged from 68 to 4033 individuals with the highest migration (4033) recorded at Mangalore. Molecular diversity values (θ H, θ S, θπ and θ K ) were higher in Mangalore for control region sequences and at Vizag for COI gene sequences. There was no geographical restriction in haplotypes as shared haplotypes were present in all the locations, and this pattern may be indicative of a range expansion. The results of the mantel test with both sequence sets revealed lack of a significant correlation (P N 0.05) between F ST /(1-F ST ) and geographic distance, and thus there was no evidence of isolation by distance.
Discussion
There was no evidence of significant population structuring in Indian oil sardine populations when the whole set of sequences of both control region (fast evolving gene region) and COI gene sequences (slow evolving gene region) were used. The population expansion of sardine populations probably took place during 0.95 × 10 5 years before present which corresponds to late Pleistocene epoch characterized by frequent El Nino events and influx of warm waters into the Indian Ocean. This period also corresponds to a significant spatial or range expansion since mismatch parameters of spatial expansion showed similar time estimates as demographic expansion (0.94 × 10 5 years before present).
The star like haplotype network (using COI genes sequences) and high values of haplotype diversity coupled with low values of nucleotide diversity (with both sets of sequences) are also indicative of a recent demographic and range expansion after a period of low effective population size (Slatkin and Hudson, 1991; Grant and Bowen, 1998) . The resolving power of mitochondrial gene markers are presumed to be low compared to nuclear gene markers like microsatellites due to its maternal inheritance and in marine pelagic fishes with large effective population sizes (in this case, Indian oil sardine) mitochondrial markers may not be sensitive enough to detect signals of population structure (Hauser and Ward, 1998; Hauser et al., 2001) . High haplotype diversity coupled with low nucleotide diversity indicates the presence of many private and closely related haplotypes, and hence conventional Φ ST analysis using haplotype frequency and distance between haplotypes may not represent the true picture. These results point to the need for studies on Indian oil sardine populations using advanced markers with high resolving power like microsatellites, nuclear gene markers, or next-generation methods like SNP genotyping of neutral and functional gene regions to better understand any other hidden and low genetic differentiation between populations. The results of the mantel test revealed the lack of isolation by distance and this pattern is prominent when migration is so high that it overcomes the effect of genetic drift (Slatkin, 1993; Liu et al., 2006) or when there is inadequate time for achieving a balance between migration and drift after a recent range expansion and contraction (Slatkin, 1993) . This may also indicate the influence of currents or other factors in controlling dispersal as the complexity of oceanographic parameters makes it impossible to decouple dispersal distance from geographic distance (Selkoe and Toonen, 2011) .
Evidence from molecular data shows that a demographic expansion of Indian oil sardine had taken place 0.95 × 10 5 years before present during the late Pleistocene epoch along with a spatial/range expansion. Pleistocene epoch was characterized by sudden climatic shifts from one state to the other and repeated glaciations (Sinha and Singh, 2007) . The late Pleistocene was a period of intense upwelling in the Indian Ocean (Sinha and Singh, 2007) due to a weakening of the Leeuwin current and a reduced Indonesian through flow which would have increased the productivity along the Indian coast triggering a demographic as well as spatial expansion of Indian oil sardine populations. The signals of these range expansion were also evident in region-wide mismatch analysis especially in North West and South West Indian regions. In South East Indian regions, the distributions tended to be bimodal, which may be due to a colonization event consisting of random haplotype lineages (Lecomte et al., 2004) . Mitochondrial DNA genealogies of temperate water sardines (Sardinops and Sardina) have been studied and discussed in relation to oceanographic processes and the patterns showed shallow population genetic structure which is attributed mainly to periodic extinctions and recolonizations in response to variations in oceanographic parameters like sea surface temperature, upwelling intensities, current patterns, and retention eddies (Grant and Bowen, 1998) . Tropical Sardinella species (Sardinella longiceps) in the present study also showed similar patterns of shallow genetic structure in mtDNA with high haplotype and low nucleotide diversities. The expansion time of temperate sardine Sardina pilchardus has been estimated using control region sequences as between 0.54 and 1.64 × 10 5 years before present when calculated using a range of mutational rates (1.1 × 10 − 7 /site/year to 3.6 × 10 − 8 /site/year) (Atarhouch et al., 2006) , and this period also corresponds to the late Pleistocene. Population expansion time has been estimated in Pacific sardine, Sardinops sagax from California coast using cytochrome b sequences as 2.3 × 10 5 years before present using a calibration of 2% sequence divergence per million years (Lecomte et al., 2004) and the reasons for sudden expansion were attributed to return of upwelling events in the Pleistocene after the glaciations events. However, the use and accuracy of molecular clock calibration has been questioned recently due to the time dependence of rates as short-term mutation rate is higher than long-term substitution rates and disparities have been observed in several taxa when estimates of divergence time were made using molecular clock and paleontological evidence (Ho et al., 2011) . While, an estimate of 1 × 10
/site/year has been giving unbiased estimates of the substitution rate independent of population size when simulations were carried out using Bayesian method (Ho et al., 2011) and we have used this rate in the present study.
Indian oil sardine is considered to be an abundant species and risks of extinction are thought to be very low. But the variability in recruitment and periodic extinctions and recolonizations may make the species vulnerable to overfishing. Further studies should be focused on identifying different spawning cohorts or contingents with different behavioral characteristics in space and time so that large variations in recruitment, natal homing, or other selection processes acting on uncertain habitats can be revealed. Highly evolving nuclear DNA markers like microsatellites can also be used to identify any hidden variations and stock structure in Indian oil sardine populations.
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